A high-quality Cr 3+ :CdWO 4 single crystal at a size of approximately Φ 25×80 mm is grown using the Bridgman method with CdO, WO 3 , and Cr 2 O 3 as raw materials and their molar ratio of 100:100:0.5. The temperature gradient of solid-liquid interface at growth is approximately 50
Metal tungstates are important for their applications in scintillators and other optical devices [1] . In general, the properties of metal tungstates can be effectively modified by introducing cationic ions during the crystal growth. In recent years, metal tungstates doped with functional ions have been widely studied because they are competitive host materials in the optical field due to their promising applications for laser, phosphors, or scintillators [2] . CdWO 4 crystal is commercially viable and important among the metal tungstates. Previous studies have demonstrated that the Cd 2+ site in the CdWO 4 tends to be occupied by cations with a low valence state, while the W 6+ site tends to be replaced by cations with a higher valence state [3] . Active lanthanide ions (RE=Nd, Dy, Ho, Er, Tm or Yb) have been used as dopants to form active materials for laser purposes [2] . The Cr 3+ ion is one of the transition metal ions used as activators in materials for tunable solid-state lasers [4] . Cr 3+ -doped crystals and optical properties have been reported [5−7] . Tunable solid-state lasers have a wide range of applications, such as medicine and life science, telecommunication, and environmental monitoring [8−10] . Almost all CdWO 4 single crystals were grown using the Czochralski (CZ) technique in previous works [11, 12] . Some difficulties occur in this growing method for CdWO 4 single crystals. For instance, there is a continuous composition change of melts due to the volatilization of CdO and WO 3 . In addition, cracking readily occurs in the as-grown crystals due to cleavage. We recently prepared CdWO 4 crystals using the Bridgman method [13] . In our process, harmful volatilization was minimized by sealing the crucibles, and the cracking of the crystals was reduced under other favorable conditions.
For the CdWO 4 crystals grown using the Bridgman method [13] , we investigated their luminescence properties when doped with 0.5 mol% of Cr 2 O 3 . In addition, we studied their absorption, excitation, and emission spectra before and after O 2 -annealing in order to explore their new applications as laser and scintillator materials.
The feed materials for Cr 3+ -doped CdWO 4 crystal growth were synthesized from highly pure CdO (99.99%) and WO 3 (99.99%) with a molar ratio of 1:1. The mixtures were ground for 2 hours in a mortar and sintered at 1 150
• C for 5 hours in a furnace, yielding a white polycrystalline powder through solid state reaction. The 0.5% molar fraction of Cr 2 O 3 (99.99%) dopant was mixed into the polycrystalline power. The mixtures were thoroughly ground and then charged into a platinum crucible where a seed of the CdWO 4 crystal with the c-axis direction was placed at the bottom. The crucible was quasi-sealed and then put into the furnace chamber for crystal growth.
The furnace chamber was gradually heated to 1 355 • C and maintained at that temperature. The crucible was then adjusted to a position where only the top of the seed was melted. The feed material and the top of the seed were kept in a molten state for 3 hours, after which the crucible was pulled down at the rate of approximately 0.05 mm/h. The temperature gradient across the solid-liquid interface was from 50 to 60
• C/cm. This temperature gradient is beneficial for achieving high-quality crystals. Cr 3+ -doped CdWO 4 single crystal was grown in a similar manner as the undoped CdWO 4 . The detailed procedures were previously reported [13] . Figure 1 shows a photo of the as-grown Cr 3+ -doped CdWO 4 single crystal that is 25 mm in diameter and 80 mm in length. The crystal was cut into small pieces and well polished to 2.5 mm in thickness for optical measurement and annealing experiment.
Because it is easy for WO 3 and CdO to volatilize and the crystal was grown under quasi-sealed condition, numerous oxygen vacancies occurred in the as-grown crystals. Much of the literature mentioned the annealing of the CdWO 4 single crystal [14−16] . In order to reduce the oxygen vacancies and improve the crystal quality, the annealing treatment at different temperatures and atmospheres was carried out. The results showed that annealing in oxygen or air at 800
• C had a slight effect on the color and absorption characteristics of crystal. However, a remarkable change occurred when the annealing temperature was increased above 900
• C. A similar annealing process was previously reported for CaWO 4 crystals [17] , and a similar result was observed. These studies demonstrated that annealing in any atmosphere below temperatures of 700
• C would not significantly affect the optical properties of the CaWO 4 crystal. The intensity of absorption bands evidently changed only when the annealing temperature was increased to above 700
• C. It has been proposed that, when the annealing temperature is higher than 700
• C, oxygen is able to diffuse into the crystal lattice and neutralize some defects, such as oxygen vacancies. Meanwhile, the interstitial oxygen O i will also be formed. As the annealing temperature further increases to about 1 000
• C, O i could move from lattice into the surface of the crystal, resulting in the change of absorption spectra and the transparency of the crystal. A similar mechanism applies to the Cr 3+ -doped CdWO 4 crystal. The optimum annealing process was determined to be a combination of approximately 950
• C annealing temperature, oxygen atmosphere, and an annealing time of about 24 hours. Crystals were cooled to room temperature at 50
• C/h after the O 2 -annealing process. Figure 2 shows a photo of as-grown and O 2 -annealed Cr 3+ -doped CdWO 4 crystal samples. It is noticeable that the asgrown Cr 3+ -doped CdWO 4 crystal appears to be dark pink whereas the annealed crystal looks light pink.
The X-ray diffraction (XRD) spectra were obtained using a XD-98X diffractometer (XD-3, Beijing) with a Cu Kα radiation at 0.15406 µm. The optical absorption spectra were measured using a Perkin-Elmer Lambda 950 spectrophotometer in the wavelength region from 200 to 1 000 nm. The excitation and emission spectra were recorded on an F-4500 Spectrophotometer. All the measurements were carried out at room temperature.
The X-ray diffraction patterns of the as-grown and O 2 -annealed Cr 3+ -doped CdWO 4 crystals are shown in Fig. 3 . The two curves were similar. By comparing the peak positions with those in JCPDS84-0038 of cadmium tungstate, it was confirmed that the crystal was a single phase of CdWO 4 . The result illustrated that doping with Cr 3+ had no noticeable effect on the crystal phase. However, after annealing the treatment, the position of the diffraction peaks shifted slightly toward a lower 2θ value. This shift is evident through a careful comparison of the peak position between as-grown and O 2 -annealed Cr 3+ -doped CdWO 4 crystals, as shown in Fig. 3 . The result suggests that the lattice constant of the crystal became slightly larger after annealing. This might be caused by the removal of thermal stress and reduction in oxygen vacancies during annealing. Moreover, the widths of the diffraction peaks became slightly narrow, and the intensity of the main diffraction plane (020) decreased sharply after annealing.
CdWO 4 has a typical wolframite-type structure. It belongs to the P2/c space group. Tungsten and cadmium atoms are within a highly distorted octahedron of oxygen atoms. Two oxygen ions of each octahedron are shared by adjacent octahedron, resulting in a chain-type structure. The chains of octahedron occur in a zigzag array [18] . ions. The requirement to form a large amount of oxygen vacancy defects through this arrangement makes it less feasible [19] . Figure 4 shows the absorption spectra of the CdWO 4 crystal, the bottom section of an as-grown Cr 3+ -doped CdWO 4 crystal boule, and both the top and bottom section of an O 2 -annealed Cr 3+ -doped CdWO 4 crystal boule. Figure 4(a) shows that the CdWO 4 crystal has excellent optical transmittance without any absorption band in the visible light region. However, as shown by Fig. 4(b) , the as-grown Cr 3+ -doped CdWO 4 crystal has intense absorption bands in the range from 400 to 800 nm. These absorption bands are caused by Cr 3+ and other defects. After the O 2 -annealing treatment, the intensity of absorption in the 400-600 nm range significantly decreased; at the same time, some absorption peaks related to Cr 3+ became evident, as shown in Fig. 
4(c) and (d). One can conclude that the emergence of Cr
3+ absorption peaks is enabled by the reduction in absorption from oxygen-related defects. Such defects, including oxygen vacancies, are reduced by the annealing in the presence of O 2 . The aforementioned oxygen vacancies were formed during the crystal growth process, which was carried out in an air-tight environment caused by the sealed crucible. As the crystal growth progresses, the partial pressure of oxygen decreases, and the atmosphere becomes oxygen deficient, leading to the formation of oxygen vacancies.
The absorption spectra are consistent with those reported in previous paper [5] . They are composed of two broad bands at wavelengths of about 472 and 708 nm, which are assigned to the 4 A 2 → 4 T 1 and 4 A 2 → 4 T 2 transitions of Cr 3+ in the octahedral crystal field. The weak 4 T 2 → 2 E transition (the R-line) at 632 nm can also be observed. Cr ions exist in the form of Cr 3+ in the common lattice; no other characteristic absorption peaks related to Cr 2+ [20] and Cr 4+ [21] were observed in the absorption spectra. Therefore, it can be concluded that Cr ions exist in the CdWO 4 crystal only in the form of Cr 3+ . On the other hand, the absorption coefficient of the top section of the crystal boule is higher than that of the bottom section of the boule. This indicates that the concentration of Cr 3+ in the top section is higher than that of the bottom section. In other words, the concentra- tion of Cr 3+ increases along the crystal growth direction, which implies that the effective segregation coefficient of Cr 3+ is less than 1 in CdWO 4 crystal. Based on the absorption spectra of the annealed crystal and the crystal splitting theory, we can estimate the crystal-field parameter Dq and the Racah parameter B and C using the following equations [5] :
E( 2 E)/B = 3.05(C/B) + 7.9 − 1.8(B/Dq),
where ν 1 Figure 5 shows the excitation and emission spectra of top and bottom sections of the O 2 -annealed crystal boule. It also shows those of the bottom section of the as-grown crystal boule. Excitation spectra were measured at an emission wavelength of λ em =1 000 nm. An excitation band at 675 nm is observed in Fig. 5(a) . The emission spectra are recorded by exciting the samples at 675 nm, as shown in Fig. 5(b) . A broad emission band from 920 to 1 070 nm was presented and peaked at around 1 000 nm due to the 4 T 2 → 4 A 2 transition [22] . The full-width at half-maximum (FWHM) is of the order of 85 nm. The bandwidth of near-infrared fluorescence depends on the interaction between the Cr 3+ and crystal field around it [6] . The Cr 3+ ion-doped CdWO 4 crystal with broadband emission provides the possibility for developing a tunable solid laser in the near-infrared region [23] . The intensity of both the excitation and emission spectra of the bottom crystal section is higher after annealing compared with that of the as-grown crystal. The enhancement of the excitation and emission can also be explained by the reduction of oxygen vacancies when the crystal is annealed in the oxygen atmosphere, as previously described.
By comparing excitation and emission spectra of the annealed crystal shown in Fig. 5 , it is evident that the fluorescence intensity of the top section is higher than that of the bottom section. Since the higher fluorescence intensity is associated with higher Cr 3+ concentration, this further confirms that the effective segregation coefficient of Cr 3+ is less than 1 in the CdWO 4 crystal. In conclusion, the Cr 3+ ion can be effectively doped into the CdWO 4 crystal using the Bridgman method with appropriate process conditions. The Cr 3+ ion is likely to replace the Cd 2+ ion that lies in the octahedral neighborhood of the oxygen O 2− ions. A broadband fluorescence (FWHM of approximately 85 nm) at about 1 000 nm due to 4 T 2 → 4 A 2 transition is measured by exciting the samples at 675 nm. Oxygen vacancies are formed during the crystal growth and can be removed by annealing the crystal in oxygen or air. As the amount of oxygen vacancies is reduced by annealing in an oxygenrich atmosphere at 950
• C, the Cr 3+ ions in the crystal can absorb more photon energy from the excitation light source, which enhances the fluorescence intensity at 1 000 nm. The crystal-field parameter Dq and the Racah parameter B and C are estimated to be 1 412.4, 776.8, and 3 427.6 cm −1 , respectively, and the Dq/B value of 1.8 shows that CdWO 4 medium provides a low-field for Cr 3+ . The effective segregation coefficient of Cr 3+ is less than 1 in the CdWO 4 crystal.
